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CHARACTERIZATION OF SHOCX-LOADED ALUMINUM-INFILTRATED BORON CARBIDE CERMETS

W.R. BLUMENTHAL, and G.T. GRAY III

Materials Science And Technology Division, Los Alamos National Laboratory, Los
Ala3o0s, YNew Mexivos E7545 LUSA

Shock-recovery experiments were performed on aluminum-infiltrated B,C cermets as a
function of shock pressure and composition. The effect of strain rate under uniaxial
stress leading was also studied. Coppressive _stiength was determined to be
:nsensitive to strain rate between 10 - and 10° s °. TEM examination revealed
disiocation debris and twins in a few B,C grains aftershock-loading above an upper
bound HEL estimate. Belo. this shock pressure the B,C substructure responded
elast:ic-aily. Elastic moduli and strengths were highly dependent on the fraction of
B.C in tne carmets. However, high yield and failure strains and limited fragmentation
a’zer sho.k :cading attest that the aluminum phase contributes significantly to the

STrenITnLoAnI LNt rltv.

* Supjortei by the DARPA Balanced Technology Initiative and performed under the
auspices of the U.sS. Department of Energy.



103 and 10® s'. High strain rate loading was
achieved with a Hopkinson split pressure bar and
quasi-static testing was performed with a hydraulic
testing machine. Strain was mcasured directly on the
samples with three independent strain gages attached
at equal intervals around the gage section. Strain was
measure: at 0.0305 and 107 second intervals for the
quasi-static and Hopkinson bar tests, respectively.

3.2 Shock Recovery

Shock recovery experiments were performed using an
80 mm single-stage gas gun. Samples 18 mm dia x
3.8 mm thick were confined in a 38 mm diameter
Ti-6Al4V container with a threaded plug as described
clsewhere®. Sample containers were "soft* recovered
to preserve the shock-induced microstructure by
deceleration into a water catch chamber behind the
impact/projectile stripper chamber. Sumples were
impacted with 2.8 mm to 3.0 mm thick Ti-6AL4V
flyers to generate one microsecond pulses.  Impact
velocitiens of between SO8 m/s and 1023 m/s were used
to produced peak shock amphitudes or § G 10 10,0
GPa in the 687% BC cermets. hmpact velocities of
hetween 610 m/s and 1010 m/s were used ta generate
peak shock amplitudes of 7 GPa to 12 GFPaomn the
RO B, cermet. Following shack  recovery  the
microstructure of the cermets was charactenzed
TEM?,

YORESULTS

4.1 Compression

Ail of the cermets displayved a distnet viekd pont
about 1LY striin (Migure D), regardless of
composition or apphied st rate. In addition, the
peak strengths were nor sensitive to the applied stram
rate  or  the alimmum  composition Homever,
detormanon  subsequent 1o the  peab stress was
measutably greater i the dvnanmie tests probybly due
1o the faster stam samphin ! rate Average peai

strengthy ot 20000 MPa and 40000 MPa ostandaed



. INTRODUCTION

The mechanical and microstructural response of
cermets to high strain rate and shock loading is largely
unknown. Studies of polycrystalline ceramics have
shown that flaws can cause fragmentation at
compressive shock pressures below the HEL'. Other
studies’ of dense, pure alumina found no
microcracking after shocking up to twice the HEL. In
addition, microplasticity was observed below the
macrascopic HEL. The objective of this study was to
investigate the microstructure and mechanical
properties of tough aluminum-boron carbide cermets
as a function of shock pressure, strain rate :nd
composition. The investigation was comprised of
quasi-static, dynamic (Hopkinson Bar) compression,

and “soft® shock recovery experiments,

2. MATIRIAL

A series of aluminum-infiltrated  boron carbide
cermets were fabricated at the Univ, of Washingion,
Pure liquid Al was infiltrated mnto B,C sheletons
having densities of 657¢ and 807, A TUTS Al was alw
used a~ an anfiltrant for a 68 B C cermet. The
average boron carbide phase size was 6 oand 18
microns  for the 6087 and RO B cermets,
respectively.  ‘The tinal mucrostructures were fully
dense and conusted of two continuous phases. TT'M
charactenization of the as-receved materialy resealed
an almost  enurely  defect and  win-free BC
substructure. The Al phase contiuned a low density of
dislocations and wis well bonded 1o the boron Girthulde

phinse

U EXNPERIMENTAL PROCTEDURES
V1 Compression Lesting
Umaaal compression tests were perormed usiny:

dumb bell shaped specimens at nominal stoan pates of



deviation = 150 MPa) were measured for the 657¢
and 80% B,C cermets, respectively. Elastic moduli
measured in compression - and calcalated from
ultrasonic velocities are plotted as a function of B,C
volume fraction in Figure 2. Bounding models are
presented which show that the cermets generally
behave as Reuss solids.  The ultrasonic moduli
correlate well with compression moduli when the
density of the B,C alone (not the actual density) is
used in the calculations. This result is consistent with
the Reuss madel where the aluminum contributes fess
than 10%¢ 10 the cermet modulus. The HIEL values for
these cermets have not been determined by wanve
profile techniques; However, analogous to the elastic
modulus, an upper bound HEL can be established
equal to the HEL of pure B,C (15 GPa) times the
volume fraction of B,C. The upper bound HEL values
are .75 GiPa and 12 GPa for the 65% and 80 B,
cermets, respectively. Lower bounds for HEL, hased
on the vield strengths and the Poissons ratios
(determined ultrasonically), are 3 GPa and 5.8 GPa
for the 6587 and ROCT BC cermets, respectively.
Failure strains of 167 were measured guasi-ateticilly
and 2.57% dvnamically for the 65 BC cermets, For
the RBO% BaC cermet, failure strains of about 13877
and 2.07 were meisuted in guasi-stitic and dvnamie
compression, respectinely. Fractography ot the n8';
B compositions show a network of microcrichs
mtersecting the tracture surface unphving that the
melastic behavior v due to damige accimalation,

4.2 Shuck Recovery

Ihe 657; B,C cermet samples were recovered with
onby Jumited cadial e kg alter shochimg up to 1o n
GPa. he 8078 BLC cermet was sesercly criched wften
shoching o @2 Gii%a, but was not pubsenized 11V
charactenization of the merestructare tollowmg shock
hadhing of the 685 B0 AL revealed the response 1o
he predommiantiy elastic from ¢ o 106 GEPa shiocks

The boton catbide sabstructure disphined no esidence



of plastic flow (dislocation debris) after § and 8.3 GPa
shocks of the 659% B,C-pure Al and 7075 Al cermets,
respectively. Higher magnification TEM of the 10.6
GPa shocked 65% B,C-pure Al sample revealed that
some B,C grains contained evidence of local plastic
deformation and others showed fine deformation wins
and stacking faults (Figure 3). These results support
the upper bound HEL value discussed above. The
65% B,C-pure Al and 7075 Al cermet microstructeral
response to shock loading was comparabie with both
Al phases exhibiting uniformly distributed dislocation
debris.

S. DISCUSSION

The elastic and compressive strength properties of
the cermets are largely dominated by the fraction of
B,C. However, the high yield strain and permanemt
deformation prior to failure attest that the aluminum
phase also contributes significantly to the strength and
structural integrity of these cermets. The yield strain
of the cermets is ai least 25% higher than failure
striuns obtained in idenucally tested brittle monolithic
ceramics. A comparable value of failure straim and
fatlure mode can be achieved during compression
testing of brittle ceramics by applying a maodest
confining pressure (100 MPa)*. The Reuss model
assumes the applied axial stress in cach phase 10 be
equal. However, Poisson's ratio for Al 907 ¢ preater
than for B,C, so that a confining pressure cian he
postulated to develop on the B,C substructure toughly
cqual to the product of: the ditterence in Possony
ratios, the applied il stress and the solume tracnon
of Al assunung the Al remiuns elistic A contanng
pressure of about TTO MPaos predicted at 0 GilPa aval
stress e 0870 BC cermet AL GFPaavaal stress g
confimmg pressure of 10 MPa s calealated tor an
SO0 BC cermet This analyvsas enores s details
such as plastieity iy the Al vet at demonsniates the

potential tor the Al phise to conhine the B0 phase



In addition, once the B,C phase begins to microcrack
the well-bonded Al phase can arrest the cracks and
delay catastrophic failure until a network of cracks
coalesce and cause final failure. The results of the
"soft" recovery shock experiments similarly show that
the 65% B,C cermets do not catastrophically fragment
upon shock loading even at pressures above the upper
bound HEL. This must be due to the tough Al phase
which can arrest cracks and attenuate stress waves hy
plastic deformation. Above the upper bound HEL
(9.75 GPa), plasticity and twins appear in a small
fraction of the B,C grains. The 80% B,C cermet acts
like a brittle monolithic ceramic, but it still resists
complete fragmentation at shock loads equal 1o the

upper bound HEL es:imate.

6. CONCLUSIONS

The following conclusions can be made from
compression  testing: 1) Swrengths  and  elastic
properties are dominated by the cermet B, C volume
fraction.  2) The Al phase appears important for
several reasons: 1) [t may produce modest (100 MPa)
confinement of the B,C substructure which results in
the 257% larger yield point (1.3 strain) compared o
monolithic ceramics. ii) Microcricks which develop in
the B,C' phase can be arrested in the Al phise
resulting in substantial damage and deformation prior

o failure. 3) Cermet strengths are independent of Al

compusition and strain rates between 103 and 10% 4

The foLowing conclusions ¢iin be made hased upon
soft” shockh recovery experiments; 1) The boron
carbide phise of the 6587% B, cermets behaves
clastically up 10 shock  pressutes of 106 GPa,
However, at this pressure dislocation activ ity sund twins
were observed i some of the B,C gramns, anadogous 1o
observations expected near the HEL in monohithie
ceramics. ) Samples wete recovered with hinuted
fragmentation compired to monolithic ceraries due ta

the ressstance of the Al phase to tensle craching



Both Al compositions exhibited :niform plasticity at

all applied shock pressures.
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FIGURL: |
Stress-strain plot of aluminum-noron carbide cermets
al two strain rates,

FIGURE 2
Elastic moduli measured in compression  and
calculated from ultrasonic velocitics versus volume
fraction of B,C.

FIGURE 3
Dejormation twins in 65% B,C - Al after a shock of
10.6 GPa.
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